To investigate the hypothesis that during the development of biliary atresia, early changes in hepatobiliary transport are mainly related to the inflammatory process and lead to intrahepatic cholestasis and subsequent liver injury, livers from mice with rhesus rotavirus-induced biliary atresia were analyzed for mRNA expression of hepatobiliary transporters, nuclear receptors, and inflammatory cytokines. Seven days after inoculation, despite high bile acid concentrations in the liver, gene expression of canalicular and basolateral hepatobiliary transporters and their regulatory nuclear receptors was down-regulated with concomitant increase in gene expression of inflammatory cytokines and rise in serum unconjugated bilirubin. At 14 d, hepatobiliary transporters and nuclear receptors remained down-regulated although the inflammatory response subsided. The percentage of conjugated bilirubin started to increase as extrahepatic biliary obstruction occurred. At 18 d, expression of hepatobiliary transporters remained low, expression of nuclear receptors returned to normal, while expression of inflammatory cytokines decreased further. Moreover, histology demonstrated progressive inflammation, bile duct damage, ductular proliferation, and hepatocyte necrosis. In conclusion, intrahepatic cholestasis due to inflammation-related down-regulation of basolateral and canalicular hepatobiliary transporters is an early event in the development of biliary atresia. Intrahepatic cholestasis contributes to the development of jaundice and liver injury. (Pediatr Res 66: 380-385, 2009) 
C hanges in the expression of hepatobiliary transporters provide a crucial mechanism to regulate bile acid homeostasis and to prevent hepatic bile acid toxicity in hepatocytes during cholestasis (1) (2) (3) (4) (5) (6) (7) . The basolateral transporters, sodium-taurocholate cotransporting polypeptide (Ntcp; Slc10a1) and organic anion-transporting polypeptide (Oatp; Sl21a), are the major transporters for the uptake of bile acids and organic solutes from blood into the hepatocyte.
The canalicular transporters bile salt export pump (Bsep; Abcb11), multidrug resistance-associated protein 2 (Mrp2; Abcc), and multidrug resistance protein (Mdr2; Abcb4) are responsible for the excretion of bile salts, organic anions, and phospholipids into bile.
The nuclear receptors Farnesoid X receptor (FXR, NR1H4) and Pregnane X receptor (PXR, NR1I2) also play an important role in the regulation of bile acid metabolism. High bile acid levels can activate FXR, which directly or indirectly induces Bsep expression.
Different forms of cholestasis may exhibit different transport regulatory mechanisms. Although bile duct ligation and lipopolysaccharide (LPS)-induced cholestasis are two wellstudied cholestasis models, little is known about regulation of hepatobiliary transport during the development of biliary atresia (BA). BA is a progressive inflammatory fibro-obliteration of the extrahepatic biliary tree of the neonate of unknown etiology.
The rhesus rotavirus (RRV)-induced biliary atresia mouse model offers the possibility to longitudinally study both acute and chronic cholestatic responses. It demonstrates many key features of human biliary atresia (8, 9) . In this model, RRVinduced intra and extrahepatic inflammation of the bile ducts is followed by progressive inflammatory extrahepatic bile duct obstruction (10, 11) This is different from mechanically induced biliary obstruction like bile duct ligation models (BDL).
Although the RRV BA model is based on a pan-cholangitis, hepatobiliary transport may also be altered during the early development of biliary atresia as the result of the inflammation itself. In this study, we hypothesized that early changes in hepatobiliary transport due to inflammation might lead to intrahepatic cholestasis even before obstruction of the extrahepatic bile duct occurs, thus contributing to early liver damage.
METHODS
Infection of newborn mice with rhesus rotavirus. Adult, pregnant virusfree Balb/c mice were purchased from Harlan (The Netherlands). Mice received care in compliance with the guidelines of the local animal ethics committee according to the Experiments on Animals Act (1996) issued by the Netherlands Ministry of Public Health, Welfare, and Sports.
Within 18 h after birth, the newborn pups were infected intraperitoneally with 20 L 1 ϫ 10 6 plaque-forming units of the MMU18006 strain of RRV, provided by Professor Claus Petersen (Medical School Hannover, Germany). Mice in the control group were injected with 20 L 0.9% saline. Infected mice that died within the first 6 d or that were not fed by their mothers after infection were excluded from the study. All mice were weighed daily and were examined for jaundice, acholic stools, and urine bilirubin (using urinalysis reagent strips; Bayer Corp, USA). Mice were planned to be killed at 7, 14, and 21 d after RRV infection or saline injection. As sick mice began to lose weight after 14 d, we terminated the last group at 18 d of age instead of 21 d.
At these three time points, blood samples were collected by cardiac puncture for determination of serum liver enzymes. The gross appearance of liver, gall bladder, and common bile duct was recorded, and the organs were harvested and frozen into liquid nitrogen for RNA isolation or stored for histologic analysis.
Liver function and bile acid measurement. Serum liver enzymes including alanine aminotransferase (ALAT), gamma-glutamyl transferase (␥-GT), and serum bilirubin were assessed using the Ektachem DT60 [Pi] system and DTSC [Pi] Module (Johnson & Johnson Clinical Diagnostics Inc., Rochester, NY). For the determination of bile acids, parts of the livers of mice killed at the same time point were pooled and crunched in liquid nitrogen. They were transferred in a total volume of 1.2 mL of 0.9% (wt/vol) NaCl. One hundred fifteen microliters 10 M NaOH solution and 1.4 mL of methanol were added and this solution was incubated at 80°C for 2 h. After cooling to room temperature, 25 mL of water was added. After mixing and centrifuging 10 min at 2500 rpm, 100 L of supernatant was measured enzymatically (12) .
Histology and immunohistochemistry. Frozen sections of liver and bile duct (4-m thickness) were stained with hematoxylin and eosin. Sections were also immunostained for cytokeratin 19, using Cytokeratin19 polyclonal rabbit antibody (Abcam, Cambridge, UK). Horseradish peroxidase (HRP)-labeled goat anti-rabbit IgG (Dako, Denmark) was used as a secondary antibody. HRP-labeled rabbit anti-goat IgG (Dako, Denmark) was used as a tertiary antibody.
For Ki67/cytokeratin 19 double staining, sections were immunostained for Ki67, using Ki67 monoclonal rabbit antibody (Novus Biologic, USA) as a first, goat anti-rabbit IgG-HRP antibody (Dako, Denmark) as a secondary, and rabbit anti-goat IgG-HRP antibody (Dako, Denmark) as a tertiary antibody. The staining reaction was developed with AEC (3-amino-9 ethyl-carbazole). Afterward, sections were incubated with cytokeratin19 antibody (polyclonal rabbit antibody, Abcam, Cambridge, UK) using goat anti-rabbit with an alkaline phosphatase label (Dako, Denmark) as secondary antibody. The staining reaction was developed with solution of fast blue.
Mouse skin was used as a positive control; RRV infected mice liver exposed to 1% BSA/PBS instead of a primary antibody was used as negative control.
All histologic studies were assessed by one pathologist (A.S.H.G.) who was unaware of other study data.
Gene expression. Total RNA was extracted from frozen liver by RNeasy Mini Kit (Qiagen GmbH, Germany). After incubation with RNase-free DNase I (Invitrogen Life Technologies), reverse transcription was performed with SuperScript II reverse transcriptase and oligo (dT) (Invitrogen Life Technologies CITY). Three microliters cDNA (1:20 diluted) was subjected to realtime PCR using the Taqman system in a ABIPRISM 7900HT Sequence Detector System (Applied Biosystem, Foster City, CA) to quantify expression of target genes. PCR amplifications were performed with specific primers and probes (Table 1 ). Primers were designed by using Primer Express Software (Applied Biosystem). Data were analyzed with Sequence Detector System 2.3 (Applied Biosystem). The levels of gene expression were calculated as a ratio to the house keeping gene ␤-actin.
Membrane isolation and western blotting. For isolation of total liver membranes, liver tissue was homogenized in 1 mM NaHCO 3 (pH 7.4), containing complete protease inhibitor cocktail (Roche, Almere, The Netherlands). Homogenates were gauze filtered, and total membranes were isolated by centrifugation at 100,000 ϫ g for 1 h at 4°C. Membrane pellets were resuspended in 10 mM Tris/250 mM sucrose, pH 7.4, containing complete protease inhibitor cocktail and stored at Ϫ80°C. Protein was determined according to Lowry et al. (13) .
Total liver membranes were electrophoresed through polyacrylamide gels (7% for Ntcp; 5% for Bsep). Proteins were blotted onto a nitrocellulose filter (Amersham, Little Chalfont, UK) by tank blotting. Ponceau S staining was performed to check for equal protein transfer. Filters were blocked in trisbuffered saline (pH 7.4) containing 0.1% Tween 20 and 4% skim milk powder. Blots were incubated with polyclonal primary antibodies against Ntcp (14) or Bsep (15) . After washing, immunocomplexes were detected using horseradish peroxidase conjugated donkey anti-rabbit IgG and Super Signal West Pico chemiluminescent substrate (Thermo Scientific, Etten-Leur, The Netherlands). Band densities were determined by using a Gel Doc XR (Bio-Rad, Hercules, CA).
Because of the limited amount of tissue available and the large amount of tissue needed for western blots, only Ntcp and Bsep were studied at 14 d. This time point was chosen as it demonstrated the most significant down-regulation of mRNA expression.
Statistics. The differences of mean expression levels between control and rotavirus-infected groups were compared per time point using independentsamples t test or Mann Whitney U test as appropriate. A p value Ͻ0.05 was 
RESULTS

Rotavirus infection results in biliary atresia.
To induce murine BA, we infected the newborn mice intraperitoneally with RRV. One mouse died 3 d after infection and was excluded. Sixty-five percent of infected animals developed the phenotype of biliary atresia. Seven days after RRV infection, jaundice became apparent in affected mice, and elevated urine bilirubin levels could be detected. In affected mice, stenoses with or without prestenotic dilatations were visible in different parts of the biliary tree from 14 d onward, which is in accordance with the literature (9) . Viral infection and inflammatory response. To investigate the viral infection and inflammatory response, mRNA levels of RRV proteins and inflammatory cytokines were quantified by qPCR. In control mice, viral proteins were not detectable. In BA mice, expression of the RRV nonstructural protein Nsp3 peaked at 7 d, dropped at 14 d, and was undetectable at 18 d (Fig. 1) . Similarly high levels of RRV structural protein (Vp6) were detected at 7 d in BA mice, which were not detectable at 14 d (data not shown). Expression of Ifng and Tnfa remained low in control mice. Their expression in BA mice was substantially higher than that of control mice at 7 d. Ifng and Tnfa levels decreased rapidly at 14 d to return to normal at 18 d. In healthy control mice, the expression of Il6 remained low, while its expression in BA mice was significantly higher than the expression of control group at 14 d, and decreased again at 18 d (Fig. 2) .
Cholestasis and liver functions. To determine the reason for cholestasis and the extent of liver damage, serum bilirubin, serum liver enzymes, and bile salts in the liver were measured. In mice with BA, high levels of serum bilirubin were observed. At 1 wk, the high level of serum bilirubin was predominantly composed of unconjugated bilirubin. At 14 and 18 d, the increase in serum bilirubin was predominantly due to conjugated bilirubin (Fig. 2) , which increased more than 5-fold compared with levels at 7 d. Bile salts levels in the liver were already profoundly higher in infected mice at 7 d, even before direct hyperbilirubinemia developed. ALAT, as a marker of liver damage, increased significantly compared with controls at 14 d and remained so over time (Fig. 2) . ␥-GT, as a marker of cholestasis and cholangiocyte injury, was undetectable in healthy controls, while its level was increasing over time in BA mice (Fig. 3) .
Liver histology. Hematoxylin and eosin staining showed a progressive infiltration of the portal tracts with lymphocytes, neutrophils, and macrophages from 7 d on (Fig. 3) . In addition, hepatic necrosis could be detected at 18 d. Cytokeratin 19 and cytokeratin 19/Ki67 double staining showed proliferation of ductular cells in both intra and extrahepatic bile ducts from 7 d on (Fig. 4) .
Hepatobiliary transport mRNA expression of nuclear receptors and transporters. Expression of nuclear receptors and transporters is depicted in Figure 5 . Expression of Fxr and Shp decreased, reaching significance at 14 d. After 18 d, expression of both nuclear receptors increased again reaching levels not significantly different from control mice. Down-regulation of Bsep paralleled the lower expression of Fxr, also reaching significance at 14 d. A similar pattern was observed in the expression of Pxr, although differences compared with control mice were less pronounced.
Expression of Ntcp was lower in sick mice compared with control mice, reaching significance at 14 d. In contrast to Ntcp, Protein expression of canalicular and basolateral transporters. Protein levels in total liver membrane isolates were studied at 14 d after inoculation, as most significant changes on mRNA levels were observed at that time point. The protein level of Ntcp was significantly down-regulated while the protein level of Bsep was up-regulated compared with the control group (Fig. 6 ).
DISCUSSION
We hypothesized that inflammation might lead to a downregulation of hepatobiliary transport in the RRV induced BA model. We demonstrated that inflammation-related downregulation of basolateral and canalicular hepatobiliary transporters led to intrahepatic cholestasis, which might contribute to the progressive liver damage observed in this model.
One week after inoculation, there was a marked inflammatory response. This coincided with down-regulation of the canalicuar and basolateral transporters Bsep, Mrp2, and Ntcp. At that time, jaundice was mainly due to unconjugated bilirubin. Despite high bile acid levels in the liver, mRNA levels of Fxr, Shp, and Pxr started to decrease. At 14 d, mRNA expression of RRV-Nsp3, Tnfa, Ifng decreased, while Il6 peaked. Hepatobiliary transporter expression remained decreased. At this point, the high bilirubin levels consisted mainly of conjugated bilirubin, suggestive of bile duct obstruction, which could indeed be observed microscopically. At 18 d, the expression of inflammatory cytokines, hepatobiliary transporters, and the nuclear receptors normalized. These changes might be attributed to the high concentration of bile acids in the absence of an inflammatory response (1) .
Histology demonstrated a ductular reaction and proliferation of cholangiocytes, similar to the changes observed in human biliary atresia. There was progressive liver injury culminating in liver necrosis, which may be due to bile acid toxicity.
There are various models of experimental cholestasis in animals. One of the most widely studied is the BDL. After BDL, there is down-regulation of Ntcp mRNA. This is considered to prevent further bile acid uptake by hepatocytes (16) . Oatp1 and Mrp2 are down-regulated as well (17, 18) while Bsep mRNA expression is maintained. This might reduce the extent of liver injury produced by bile acid retention (19) . Many of these effects are induced via activation of Fxr due to the accumulation of bile acids.
Another model is the LPS-induced (inflammatory) cholestasis model (20 -26) . In this model, there is a marked downregulation of Ntcp, Mrp2 but also a down-regulation of Bsep mRNA expression. Several inflammatory cytokines such as Tnfa, Il1␤, Il6 are considered to repress the gene expression of both basolateral and canalicular bile transporters (27) . Previous studies suggested that at early stages of inflammation, Ntcp down-regulation is regulated by Tnfa and Il1␤ and at later stage by Il6 (21, 28) . In these studies, Il6 levels peaked at a later stage when compared with Tnfa levels, just as observed in this study. Tnfa or Il1␤ also significantly decreases Fxr mRNA expression and binding activity to the IR-1 response element located in both human and rodent Bsep promoters (1) .
In this study, we observed a correlation in time between inflammatory response and transporter expression. These results seem to coincide with those observed in LPS-induced cholestasis, with inflammation overriding possible adaptive changes due to the increase in bile acids. As transcriptional control of Ntcp, Bsep, and Mrp2 is mediated by the nuclear receptors Fxr and Pxr, the decrease in Fxr/Pxr activation might be another mechanism diminishing expression of these transporters (1) . The pattern of bile transporter regulation in the early stages of murine biliary atresia thus differs from acute noninflammatory cholestasis like bile duct ligation.
Only a few studies have addressed hepatobiliary transporter regulation in human biliary atresia (29) . Chen et al. (30) investigated hepatobiliary transport in human biliary atresia at different stages of the disease. At early stages of biliary atresia-induced cholestasis in children, most basolateral and canalicular transporters and nuclear receptors were downregulated. This is similar to the findings of this study. This observation underlines the validity of the mouse model for studying the pathogenesis of biliary atresia. This overall response could act to decrease intracellular bile acid levels as well as to reduce the biliary pressure. However, in humans, Fxr-Bsep level tended to return to normal level at later stages and Pxr level remained decreased, which differs slightly from the results of our study. This difference might be due to relatively short survival period of the mice in this study.
We observed a difference between mRNA levels and protein levels of Bsep, in which the transcript level was downregulated whereas the translational level was up-regulated. The level of Bsep down-regulation might be underestimated by the western blot because the crude membrane techniques used in this study includes the endosomal compartment in which still a high level of Bsep might be present (19, 31) . Furthermore, retrieved transporter molecules may still be contained in this preparation (31) . Western blotting using only basolateral or canalicular membrane preparations would yield more detailed information. Because of the small amount of liver tissue available from pups, those techniques are virtually impossible to apply in this particular type of study.
Although regulatory effects of inflammation on hepatobiliary transport have been proven both in vivo and in vitro (1, 21, 28) , the exact nature of this relation in vivo is yet not known as many inflammatory mediators might be involved. In this study, we have shown a temporal relation between inflammation and transporter down-regulation. In the absence of knowledge about the exact mechanism by which inflammation decreases hepatobiliary transport, a more direct causal relation cannot be established. Experiments to that extent, in our opinion, are not possible within the present model. For instance, anti-inflammatory drugs such as steroids have profound effects on hepatobiliary transport itself, probably via the glucocorticoid receptor (32) . Blocking the inflammatory response using for instance Ifng knockout mice is also impos- sible, as these animals rarely develop BA (33) . Therefore, we consider the present data the best possible answer to confirm the hypothesis that inflammation mediates downregulation of hepatobiliary transport during the early phases of BA development.
In conclusion, intrahepatic cholestasis due to downregulation of basolateral and canalicular hepatobiliary transporters is an early event in the development of biliary atresia. This down-regulation is probably due to the inflammatory process, which apparently overrides the regulatory effects of the concomitant increase in bile acids in the liver. The net result is intrahepatic cholestasis and liver damage, which occurs already before extrahepatic biliary obstruction. The results of this study are in line with preliminary studies in human, offering further proof of the validity of the mouse model and opening research approaches to mechanistical studies and possible therapeutic interventions.
